Abstract The electric energy injection from a pulsed power supply to a planar type of dielectric barrier discharge (DBD) reactor at atmospheric pressure was studied. Relations of the energy injection with barrier materials, barrier thickness, peak voltage, gap distance, electrode area, and operation temperature were experimentally investigated. The energy injection is a function of relative permittivity, barrier thickness, peak voltage, gap distance, and electrode area. The influence of operation temperature on energy injection is slight in the range of 27-300
Introduction
Dielectric barrier discharge (DBD) reactors utilize electric energy to drive chemical reactions. Recent active studies involved many applications, such as the traditional ozone (O 3 ) generation [1, 2] , conversion of gas phase benzene to methane [3] , partial oxidation of methane [4] , decomposition of volatile organic compounds (VOCs) [5−10] , removal of non-aqueous phase liquids from soil layers [11] , ozonation and biotreatment of forest industry wastewater [12] , treatment of skin infections, impaired microcirculation and wound healing [13] , modification of material surface [14, 15] , sterilization for food and processing plants [16] , removal of nitrogen oxides (NO x ) from a gas mixture simulating exhaust gases [17] , simultaneous removal of NO x and sulphur dioxide (SO 2 ) from flue gases in a coal-combustion power plant [18] , and removal of particulate matter from diesel engine exhausts [19, 20] . The electric energy is generally injected to the DBD reactors using high-voltage power supplies. The amount of the electric energy is basically calculated after discharge voltage and current waveforms are measured. Lissajous plots are commonly used for energy injection calculations when an alternating current (AC) power supply is used [21] . The integration of discharge voltage and current over discharge time is also adopted for energy injection calculations when a pulse power supply is used [20] .
In consideration of the energy injection to the DBD reactor, Kriegseis et al. [21] found that =constant, where E, f , L, and V are electric energy, operating frequency, plasma actuator length, and operating voltage, respectively. It can be used to estimate the energy injection. In 2010, Zhang et al. investigated the influence of voltage amplitude, gap spacing, and barrier thickness on the energy injection from an AC power supply to a DBD reactor. They found that the energy injection E in W is given by E = 2f [22] . This relation is different from that E = 4f C a V dis V P −
Ca−Cg
Ca V dis proposed by Manley [23] .
Although there are numerous studies on the applications of DBD reactors, there is still a lack of basic relations which show how different factors impact the electric energy injection in DBD reactors. Those factors include the kind of dielectric barrier material, dielectric barrier thickness, gap distance, discharge volume, and operation temperature. Furthermore, with the scale-up of DBD reactors, a model which can predict the electric energy injection for large scale DBD reactors is desired. It is important not only for the large scale DBD reactors, but also for the power supplies that should match the large scale DBD reactors. Unfortunately, little information on the prediction model of the electric energy injection for different scale DBD reactors can be found in previous studies.
In this study, the electric energy injection from a pulsed power supply to a planar type of DBD reactor at atmospheric pressure is studied. The influences of factors (dielectric barrier material, dielectric barrier thickness, distances between dielectric barrier plates, area of discharge space, and operation temperature of DBD reactors) on energy injection are experimentally investigated. Based on these experimental results, a model is established which can be used to predict the energy injection from a pulse power supply to a planar DBD reactor. Fig. 1 shows the basic experimental setup for energy injection measurement from a pulse power supply (DP-12K5-SCR, PECC, Japan) to a DBD reactor. Detailed information on the experimental setup has been given in Ref. [24] . The discharge voltage and current waveforms were measured using a voltage probe (P6015A, Tektronix, USA) and a current transformer (TCP0030A, Tektronix, USA), respectively. The signals from the voltage probe and current transformer were digitized and recorded using a digital phosphor oscilloscope (OSC, DPO 3034, Tektronix, USA). A planar type of DBD reactor was used. The planar DBD reactors basically consisted of two dielectric barrier plates and two metal electrode plates, which were sandwiched closely.
Experiment
The distance between two alumina plates was defined as a gap distance and adjusted using two alumina spacers of different thicknesses (0.29 mm, 0.85 mm, 1.48 mm, 2.03 mm, or 2.36 mm). Table 1 lists the sizes of dielectric barriers and their properties. Pulsed discharges occurred in the discharge space between two dielectric barrier plates when high-voltage was applied to two metal electrodes. A gas mixture of 79% nitrogen (N 2 ) and 21% oxygen (O 2 ) was supplied to the inlet of the DBD reactor at a fixed flow rate of 500 mL/min and at room temperature (298 K) and atmospheric pressure. O 3 concentration in the outlet gases of the DBD reactor was measured using an O 3 meter (UV-100, Eco Sensors, USA).
Experiments on the influence of operation temperature on energy injection were carried out by closely assembling two alumina plates (115×115×1 mm 3 ), two stainless steel plates (96×96 mm 2 ), and two alumina spacers (115×10×1.15 mm 3 ) to form a DBD reactor and then setting the DBD reactor into an electric muffle furnace (FUW253PA, Advantec, Japan), where the gas in the discharge space was the room air with a relative humidity 77%-80% (at room temperature 27.0
• C) in the electric furnace. Experiments on the influence of electrode area on energy injection were performed by increasing numbers of alumina plates (115×115×1 mm 3 ) and stainless steel electrodes (96×96 mm 2 ) at room temperature and atmospheric pressure.
The energy injection from the pulse power supply to the DBD reactor was defined as the unit energy injection (P in mJ·Hz −1 ·cm −2 ), calculated using Eq. (1) over one pulse discharge duration
where
, t i , and t i+1 are from the datum sequences of discharge voltage and current waveforms.
3 Results and discussion
Typical unit energy injection
The typical waveforms of discharge voltage and current were presented in Fig. 2 . The voltage and current pulses are bipolar, which are similar to those reported by other researchers [14, 25, 26] . The discharges in a DBD reactor occur in a number of tiny breakdown channels in the discharge space, which are suggested as microdischarges [27] . The characteristics of the microdischarges in two DBD reactors made of alumina and quartz plates are listed in Table 2 . The rise times and pulse widths at half maximum are 1.5-1.6 µs and 3.2-3.3 µs, respectively. The voltage rise rate is calculated to be 7.0×10
9 -73×10 9 V/s. Those characteristics implied that the pulse voltages applied to two DBD reactors are almost the same. When using the DBD reactor made of alumina plates, the discharge current increased with the increase in pulse voltage and peaked at 2.50 A while the pulse voltage rose to 5.65 kV ( Fig. 2(a) ), indicating that the microdischarges occur while the pulse voltage is higher than 5.65 kV. The full current pulse duration is 50 ns, indicating that the microdischarges occur within 50 ns although the voltage pulse has a pulse width at half maximum of 3.29 µs. When using the DBD reactor made of quartz plates ( Fig. 2(b) ), the discharge current increased with the increase in pulse voltage and peaked at 1.48 A while the pulse voltage rose to 8.10 kV, suggesting that the microdischarges occur while the pulse voltage is higher than 8.10 kV. The full current pulse duration is 55 ns, indicating that the microdischarges occur within 55 ns although the voltage pulse has a pulse width at half maximum of 3.30 µs. Peak current densities are 0.260 A/cm 2 for the alumina plate DBD reactor and 0.154 A/cm 2 for the quartz plate DBD reactor. The full current pulse duration is close to 40 ns which is typical for a DBD reactor with an atmospheric air gap of 1 mm distance, and the peak current densities are within the typical microdischarge range of 0.1-1 kA·cm −2 [26] . The unit energy injection P was calculated with Eq. (1) using the voltage and current waveforms shown in Fig. 2 . P tends to be a constant value of 0.325 mJ·Hz −1 ·cm −2 for the alumina plate DBD reactor and a constant value of 0.132 mJ·Hz −1 ·cm −2 for the quartz plate DBD reactor. Fig. 3 shows typical unit energy injections as a function of the peak value (V p ) of pulse voltage. In order to get the inception voltage for the breakdown of gases in the discharge space, O 3 concentrations at various V p are also given, as O 3 is a typical product from the breakdown of O 2 gas. With the increase in V p , the unit energy injection increased linearly slowly in Zone I, but rapidly in Zone II. The conjunction point of lines in Zone I and Zone II is just the point around which O 3 started to be produced, and is defined as the inception voltage (V inc ) applied to the DBD reactor for the breakdown of gases in the discharge space. Obviously, V inc is the lowest peak voltage for O 3 production using the current DBD reactor. The relation of energy injection and peak voltage is similar to that reported by Sung et al., where they used a cylindrical DBD reactor and pulse power supply to generate ozone [2] . The unit energy injection in Zone I represents the energy injection for charging the DBD reactor as a capacitor because no gas breakdown happened. The unit energy injection in Zone II is the energy injection for charging the DBD reactor as a capacitor with a capacitance value different from that in Zone I and for the energy consumption on gas discharges. As the unit energy injections are linear to peak voltage, we get P =α I V p , α I =0. 
Influence of gap distance on unit energy injection
The influence of gap distance on unit energy injection was investigated by changing gap distance using different alumina spacers. Fig. 4(a) illustrates the unit energy injections at various gap distances (d g ) as a function of peak voltage (V p ). The slope values of lines in Zone I (α I ) are almost constant (average value: 0.00172 mJ·kV −1 ·Hz −1 ·cm −2 ) as the energy injection is used for charging the DBD reactor as a capacitor (Fig. 4(b) ). The slope values of lines in Zone II (α II ) increased linearly with increasing gap distance (Fig. 4(b) ), this finding is similar to that reported by Krigseis et al. [21] , but different from that given by Zhang et al [22] . The inception voltage increased linearly with the increase in gap distance (Fig. 4(b) ). This fact agrees with Paschen's law (to be discussed later on) as breakdown voltages of gases in a DBD reactor are practically the same as those between metal electrodes [26] .
Influence of dielectric barrier thickness on unit energy injection
The influence of dielectric barrier thickness on unit energy injection was investigated by using dielectric barriers of different thicknesses (Fig. 5) . The slope values of lines in Zone I ( α I ) are almost constant (Fig. 5(b) ). The inception voltages V inc increase with dielectric barrier thickness (Fig. 5(b) ). When the dielectric thickness increases, the capacitance of dielectric layer decreases so that the voltage across the dielectric barrier increases and the voltage across the gas in the discharge space decreases. Therefore, higher voltage is required to generate gas breakdown when a dielectric barrier with a higher thickness is used.
Influence of barrier material on unit energy injection
Materials used for DBD are usually ceramic (such as alumina), glass, and quartz. Those materials have different permittivities. Fig. 6 shows the unit energy injections to the DBD reactors made of alumina and quartz plates at various peak voltages. The unit energy injection increased with increasing peak voltage. The slope values (α I ) of lines in Zone I using the DBD reactors made of alumina plates and quartz plates are almost the same. This fact implied that the kind of barrier material has no influence on the unit energy injection if there is no gas breakdown. The slope value (α II ) of lines in Zone II using the DBD reactor made of alumina plates is higher than that made of quartz plates. As the relative permittivity of alumina is higher than that of quartz (Table 1) , alumina plates are suitable to get a higher unit energy injection. The V inc value of the DBD reactor made of alumina plates is 6.13 kV, lower than that made of quartz plates (7.85 kV). This is due to alumina plates having a higher permittivity than quartz plates. When the permittivity of dielectric barrier increases, the capacitance of dielectric layer increases so that the voltage across the dielectric barrier decreases and the voltage across the gas in the discharge space increases. Therefore, gas breakdown can occur at a lower peak voltage when a dielectric barrier with a higher permittivity is used. DBD reactors are sometimes fed with a gas of a high temperature. For example, the DBD reactor used for particulate matter removal from the exhaust gases of a diesel engine must be operated at a maximum temperature around 400
• C [28] . In order to make clear the influence of operation temperature on unit energy injection, experiments were carried out using alumina plates and stainless steel electrodes in the electric furnace. Fig. 7 shows the slope values of lines in Zone I and II (α I and α II ) and inception voltages at various operation temperatures. The slope values of lines in Zone I (α I ) are almost constant with an average value of 0.00245 mJ·kV
The slope values of lines in Zone II (α II ) increased slightly when the temperature increased from 27
• C to 300 • C and then increased obviously from 300
• C to 500 • C. V inc values tend to decrease with increasing temperature. The V inc value at 27
• C is 5.2 kV, higher than 4.9 kV at 500 • C. Alumina is one kind of temperature-dependent material. When alumina plate temperature is higher than 300
• C, the relative permittivity increases obviously [29] , resulting in the decrease of the voltage across alumina plates and the increase of the voltage across gases in the discharge space. Therefore, the unit energy injection increases and the inception voltage decreases. The decrease in gas density at a higher temperature can also increase the reduced electric field (V /p/d), i.e. the gases in a lower reduced electric field can be broken down at a lower inception voltage.
Influence of electrode area on unit energy injection
The volume of discharge spaces in the DBD reactor is also an important factor that influences unit energy injection and the scale up of the DBD reactor. The volume of discharge spaces is the product of gap distance and electrode area. Fig. 8 presents the slope values of lines in Zone II (α II ) as a function of electrode area, which was enlarged by increasing numbers of alumina plates and electrodes. The slope values of lines in Zone II (α II ) using the DBD reactor with electrode area from 1800 cm 2 to 3610 cm 2 varied in the range of 0.040-0.046 mJ·kV
With the increase in electrode area, α II tends to be constant around 0.044 mJ·kV
This fact suggested that the unit energy injection to the DBD reactors of different electrode area can be simply predicted with their electrode area. 
Unit energy injection model
When a peak voltage lower than V inc is applied to a DBD reactor, the DBD reactor acts just as a capacitor. The total capacitance, C T , consists of three parts, viz. dielectric barriers (C a and C b ) and discharge space (C g ). C T can be calculated using Eq. (2).
As
dg , the peak voltage (V p ) on the whole DBD reactor is:
From
When C a and C b are same, the voltage applied on the gases in the discharge space is:
When the peak voltage applied to the gases in the discharge space is high enough, the gases in the discharge space are broken down and then the plasma-driven reactions happen. The inception voltage applied on the gases (V g,inc ) for gas breakdown is then calculated using Eq. (6) by substituting V p with V inc into Eq. (5).
Fig . 9 illustrates the various V g,inc as a function of gap distance at various thicknesses of dielectric barriers. As the breakdown of gases obeys Paschen's law [27] , the Paschen curve of dry air [30] is also given. The V g,inc values at a gap distance d g higher than 1 mm are found to be right on the Paschen curve, suggesting that our model can get V g,inc from Paschen curve. The V g,inc values at a gap distance d g lower than 1 mm are over the Paschen curve, which may be due to the influence of the dielectric barriers on the gas breakdown when the discharge gap is small. Fig.9 Relation of inception voltage and gap distance with different barrier thicknesses. Paschen curve is from Ref. [30] , where the gas pressure is 1 atm The unit energy injection is a function of discharge space, barrier thickness, and barrier material. Results in Figs. 3-5 show that the slope values α II of lines in Zone II are proportional to the gap distance (d g ) and relative permittivity (ε a ), and reciprocal to the barrier thickness (d a ). Here, we introduced a factor of εadg da to get slope values (α II ) using the DBD reactors of different barrier thicknesses and gap distances (Fig. 10) .
α II increased linearly with increasing εadg da with a good standard deviation R 2 =0.993, no matter whether the barrier thickness and gap distances changed. There are no obvious differences between two curves of two DBD reactors; suggesting that our model is acceptable. Thus, the function of unit energy injection to a DBD reactor can be written as:
or (2) when V p ≥ V inc ,
where, β=0. 
Conclusion
In this study, the unit energy injection to the DBD reactors of different gap distances, dielectric barrier thicknesses, gas temperature up to 500
• C, and various electrode areas was investigated. The main conclusions are as follows:
a. The unit energy injection increases linearly with increase in the peak value of the pulse voltage. The slope values in Zone II (α II ) are proportional to the gap distance and dielectric constant, and reciprocal to the barrier thickness.
b. The slope values of lines in Zone II (α II ) increased slightly when the temperature increased from 27
• C to 300
• C and then increased obviously from 300
• C to 500 
